ABSTRACT Spin-labeling and multifrequency EPR spectroscopy were used to probe the dynamic local structure of skeletal myosin in the region of force generation. Subfragment 1 (S1) of rabbit skeletal myosin was labeled with an iodoacetamide spin label at C707 (SH1). X-and W-band EPR spectra were recorded for the apo state and in the presence of ADP and nucleotide analogs. EPR spectra were analyzed in terms of spin-label rotational motion within myosin by fitting them with simulated spectra. Two models were considered: rapid-limit oscillation (spectrum-dependent on the orientational distribution only) and slow restricted motion (spectrum-dependent on the rotational correlation time and the orientational distribution). The global analysis of spectra obtained at two microwave frequencies (9.4 GHz and 94 GHz) produced clear support for the second model and enabled detailed determination of rates and amplitudes of rotational motion and resolution of multiple conformational states. The apo biochemical state is well-described by a single structural state of myosin (M) with very restricted slow motion of the spin label. The ADP-bound biochemical state of myosin also reveals a single structural state (M*, shown previously to be the same as the post-powerstroke ATP-bound state), with less restricted slow motion of the spin label. In contrast, the extra resolution available at 94 GHz reveals that the EPR spectrum of the S1.ADP.V i -bound biochemical state of myosin, which presumably mimics the S1.ADP.P i state, is resolved clearly into three spectral components (structural states). One state is indistinguishable from that of the ADP-bound state (M*) and is characterized by moderate restriction and slow motion, with a mole fraction of 16%. The remaining 84% (M**) contains two additional components and is characterized by fast rotation about the x axis of the spin label. After analyzing EPR spectra, myosin ATPase activity, and available structural information for myosin II, we conclude that post-powerstroke and pre-powerstroke structural states (M* and M**) coexist in the S1.ADP.V i biochemical state. We propose that the pre-powerstroke state M** is characterized by two structural states that could reflect flexibility between the converter and N-terminal domains of myosin.
INTRODUCTION
The combination of EPR and site-directed spin labeling is a well-established approach for probing the structure and dynamics of proteins. The anisotropy of the magnetic tensors of a nitroxide spin label produces exceptional sensitivity of the EPR lineshape to nitroxide orientation with respect to the applied magnetic field. Molecular motion in the submicrosecond timescale greatly affects the lineshape of the nitroxide EPR spectrum, making it sensitive to global tumbling of the protein and to local spin-label motion with respect to the protein. Global tumbling usually is considered to be unrestricted rotation, either isotropic or anisotropic; local motion is considered to be restricted rotation. There are several approaches to interpret restricted local motion, such as rapidlimit oscillation (1) (2) (3) or slow motion in a restoring potential (4) . The first model assumes that the spin-label rotation is fast enough to average the anisotropic magnetic interactions, with a frequency of rotation greater than 2p (g x -g z )b e H 0 /h ¼ 1.8 310 9 s À1 , (b e ¼ Bohr magneton, H 0 ¼ 3.3565 T, W-band spectrum center field), t c # 0.09 ns. In the second model, a broad range of the rate of spin label motion is considered. Both models allow characterization of protein local structure via interpretation of EPR spectra in terms of spin-label motion restrictions (angle of oscillation or restoring potential). Fitting of EPR spectra in the model of rapid-limit oscillation provides information about restrictions of spin-label motion directly, due to the assumption of fast motion of the spin label. Fitting of EPR spectra in the slow motion approach produces two parameters: the rotational diffusion coefficient and the equilibrium distribution of orientation probability of the spin label fD R , P 0 g. The distribution P 0 characterizes protein local structure, but it depends on the rate of spin-label motion. In a single-frequency EPR experiment, the simultaneous determination of these two parameters is ambiguous primarily because of the undetermined spin-spin relaxation time T 2 , which is responsible for spectral broadening. A twofrequency experiment can remove this ambiguity, due to the frequency dependence of the sensitivity to t R (4, 5) . In a previous study of the membrane protein phospholamban, we have shown that a simultaneous fit of X-and W-band EPR spectra can produce unambiguous results for both rate and amplitude of spin-label motion and can quantitatively resolve two distinct conformational states of the protein (5) . In this study, we apply this method to myosin.
We compared two models of spin-label motion in myosin, as described above, by fitting experimental EPR spectra of IASL-labeled myosin subfragment 1 (IASL-S1) in three different biochemical states (apo S1, S1.ADP, and S1.ADP.Vi) that represent three intermediate steps in the myosin ATPase cycle: rigor (M), post-powerstroke (M*), and pre-powerstroke (M**). During its ATPase cycle, myosin exhibits substantial structural transformation of the force-generating domain, reflected in atomic structures (6) (7) (8) (9) , by intrinsic fluorescence (10, 11) , fluorescence resonant energy transfer (12) , and EPR (13) . These data suggest that the structure of the force-generating domain of myosin is determined by the biochemical state that is created by the bound nucleotide ;4 nm away. However, it remains possible that several structural (conformational) states of the force-generating domain can coexist (and interconvert) within one biochemical state, as defined by the state of the nucleotide at the active site. In this article, we used the high orientational resolution of spin label EPR, augmented by experiments at two microwave frequencies, to resolve multiple conformational states of the force-generating region of spin-labeled myosin. In this manner, we obtained reliable information about the allosteric influence of the nucleotide on the number of conformational states, the relative populations of these states, and both the rate and amplitude of spin-label rotation in each state.
MATERIALS AND METHODS

Chemicals
ATP, ADP, IASL, and Na 3 VO 4 were obtained from Sigma-Aldrich (Milwaukee, WI). All chemicals were of reagent grade.
Proteins
Myosin was prepared from rabbit back and leg muscles. Myosin S1 was obtained by limited a-chymotrypsin digestion (14) . Rabbit fast skeletal muscle F-actin was extracted from acetone powder, as described previously (15) .
Labeling of S1
S1 was labeled with IASL specifically at Cys-707 (SH1) by the two-step method of Barnett and Thomas (13) , except that the label/protein ratio of the first labeling step was 0.9. After labeling, excess unreacted IASL was washed out with size-exclusion spin columns (Pierce, Rockford, IL). IASL-S1 was concentrated to 200 mM with Microcon concentrators (Millipore, Billerica, MA). Labeling buffer contained 50 mM MOPS, 50 mM KCl, 0.1mM EDTA, pH 7.0.
S1 concentration
The concentration of S1 was determined spectrophotometrically at 280 nm using an extinction coefficient of 8.14 3 10 4 M À1 cm
À1
. The S1 concentration was 100-150 mM in EPR experiments, 0.9 mM in actin-activated ATPase assays, 0.1-0.9 mM in high-salt ATPase assays, and 2.3 mM and 9 mM in Mg 21 -ATPase assays without and with nucleotide analog, respectively.
Preparation of S1-nucleotide complexes
A complex of IASL-S1 with ADP (IASL-S1.ADP) was obtained by incubation of IASL-S1 with 5 mM ADP for 5 min at 25°C. A complex with ADP and vanadate (IASL-S1.ADP.V i ) was obtained from IASL-S1.ADP by addition of 5 mM Na 3 VO 4 for 20 min at 25°C. These complexes were prepared in the same buffer that was used for EPR experiments: 20mM EPPS (pH 8.0), 6 mM MgCl 2 , and 1 mM EGTA.
Biochemical assays
Actin-activated ATPase activity (T ¼ 25°C in 10 mM Tris, 3 mM MgCl 2 , 2.5 mM ATP, pH 7.5) was measured from the liberation of inorganic phosphate (16), using a malachite green-enhanced phosphate assay (17) . The dependence of S1 activity on actin concentration was fitted to 
Mass spectrometry
Mass spectrometry experiments were performed using a quadrupole time-offlight mass spectrometer (QSTAR; Applied Biosystems, Foster City, CA) with an electrospray ionization source. The protein sample (2 mg/ml S1 or IASL-S1 in 10 mM NH 4 HCO 3 buffer at pH 7.9) was injected into the solvent stream using a 10 mL-injection loop installed in the integrated loop injector. Three to five injections were performed for every sample with 2-min intervals between them. Data were acquired continuously during load buffer infusion and protein infusions over the range 500-2000 m/z. Spectra were analyzed with software (AnalystQS; Applied Biosystems).
Labeling extent and specificity
IASL labeling decreased the rate of K/EDTA ATPase assay to ;15% and increased the rate of Ca/K-ATPase assay 11-fold, indicating the specific labeling of at least 90% of S1 at Cys-707 (13) . The complete labeling of S1 was confirmed by mass spectrometry: the peak of IASL-S1 was shifted by 212.3 Da relative to unmodified S1, matching the molecular weight of the spin label, and no trace of unlabeled S1 was found in the IASL-S1 sample. Control experiments with mixtures showed that S1 and IASL-S1 were detected with similar sensitivity by mass spectrometry, and so the spin-labeled S1 sample contained ,5% of unlabeled S1. 
IASL-S1 modeling
Apo IASL-S1, IASL-S1.ADP, and IASL-S1.ADP.V i were modeled using corresponding crystal structures (PDB: 1FMV, 1MMA, and 1VOM) to understand the position of the spin label relative to myosin. CHARMM force field parameters for IASL were taken from previously published values (18) . Missing loops of the protein were added and refined using the Homology module of InsightII (Accelrys San Diego, CA). The protein then was energyminimized, and the spin label was mutated into C707. After mutation, a Monte Carlo search was performed to find the lowest energy conformation for the spin label (18) .
EPR
EPR spectra were acquired with an X-band, 9.4-GHz spectrometer (EleXsys E500; Bruker BioSpin, Billerica, MA) and a W-band, 94-GHz spectrometer (EleXsys E680; Bruker BioSpin). At X-band, a super-HQ cavity with a variable temperature accessory (Bruker BioSpin) was used. The 30 mL-sample was contained in a quartz capillary with an outside diameter/inside diameter of 0.84/0.6 mm (VitroCom, Mountain Lakes, NJ) and then sealed (Critoseal; Oxford Labware, St. Louis, MO). The scan width was 120 G; the peak-topeak modulation amplitude was 1 G; the modulation frequency was 100 kHz. Spectra were recorded below saturation, at H 1 ¼ 0.05 G, at 20°C. At the W-band, the standard TE 011 -mode cylindrical cavity resonator (EN600-1021H; Bruker BioSpin) was used with an ER 4118CF-W variable temperature cryostat. The 0.2-mL sample was contained in a quartz capillary with outside diameter/insider diameter of 0.25/0.15 mm (VitroCom), then flame-sealed and sedimented by low-speed centrifugation. The scan width was 400 G; the peakto-peak modulation amplitude was 1 G; the modulation frequency was 100 kHz. Spectra were recorded below saturation, at H 1 ¼ 0.045 G, at 20°C or 80 K. EPR experiments were performed immediately after S1 labeling and preparation of nucleotide complexes, without freezing. For low-temperature EPR experiments, 30% glycerol (v/v) was added to IASL-S1 as a cryoprotectant. The buffer for EPR contained 20 mM EPPS (pH 8.0), 6 mM MgCl 2 , and 1 mM EGTA. Before lineshape analysis, the phase of the W-band spectrum was adjusted to correct for a slight admixture of dispersion (19) . The quadrature spectrum was calculated from a Hilbert transformation of the experimental spectrum (20) , and the weighted quadrature spectrum was subtracted from the experimental spectrum until the integrated spectrum displayed a flat baseline.
IASL-S1: models of motion
Two models of spin-label motion were considered: 1), the model of slow motion in a restoring potential (4), and 2), the model of rapid-limit oscillation about x, y, and z axes of the spin label (1-3). S1 was modeled as a prolate ellipsoid, with axial ratio p ¼ 1 (sphere) or 2. 
Spectra simulation and fitting
EPR spectra were simulated according to described models of motion. The four different approaches that were considered are described below.
Approach A: ''powder spectrum''
This approach was used to determine the principal values of g-and A-tensor components of spin-labeled myosin. To simulate the EPR spectrum, the resonant magnetic field for a single orientation of a spin label in the applied magnetic field was calculated according to the work of Libertini and Griffith (23) 
where H res is the magnetic field at resonance, n is the applied frequency, b is the Bohr magneton, and u and f define the orientations of the nitroxide relative to the applied magnetic field (24) . After subsequent summation of more than 10,000 random orientations of the spin label in the applied magnetic field, convolution with a Lorentzian function, and calculation of the derivative, the simulated EPR spectrum was fitted to the experimental W-band spectrum, which was acquired at low temperature (T ¼ 80 K) to avoid any molecular motion. The g-and A-tensor components (Eq. 1) and the Lorentzian linewidth were the fit variables.
Approach B: rapid-limit oscillation of the spin label
In this approach, it is assumed that the rotational correlation times are all much less than 1 ns, so that the spectrum is determined entirely by the orientational distribution. Under these conditions, the components of magnetic tensors are partially averaged. The apparent values of g and A tensors (g9 and A9) determined from the fit to Eq. 1 of experimental W-band spectra, acquired at T ¼ 20°C, are interpreted in terms of restrictions of spin-label motion (assuming no sensitivity of W-band EPR to slow tumbling of myosin (see below, section ''Sensitivity of X-and W-band EPR to S1 tumbling'')). W-band EPR spectra were simulated and fitted as described in Approach A, and restrictions of spin-label motion were derived from the rapid-limit oscillation model (1,3), using Euler transformations as follows:
where a is the angle of oscillation and AEcos
Approach C: rapid-limit oscillation of the spin label and global tumbling of myosin
In this approach, we assumed rapid-limit oscillation of the spin label within myosin and myosin global tumbling with the diffusion coefficient D Riso ¼ Parameter Oscillation about x axis Oscillation about y axis Oscillation about z axis 
where U(V) is the restoring potential and V is a set of angles needed to describe the spin-label orientation relative to the applied magnetic field (25) . The equilibrium distribution of orientation probability was defined from the restoring potential as described by Budil et al. (25) as follows:
In this work, we used the first three terms of the series (Eq. 3) to model restrictions of spin-label motion, c 20 , c 22 , and c 40 . The inclusion of higher-order terms (e.g., c 42 and c 44 ) did not improve the fit. In the simulation, rates of rotational motion (spin label and S1) are defined by rotational diffusion coefficients D R ; we report the rates through the rotational correlation times defined as t c ¼ 1/(6D R ). In the case of anisotropic motion, we defined correlation times for rotation about the x, y, and z axes of the spin-label diffusion frame as t ci ¼ 1/(6D Ri ), where i ¼ x, y, z, or t c? ¼ 1/(6D R? ) and t ck ¼ 1/(6D Rk ). Spectra were simulated with a fixed rotational correlation time of myosin tumbling, t c ¼ 128 ns or t c? ¼ 167 ns and t ck ¼ 68 ns. Only the parameters defining the local (internal) spin-label motion were varied, with initial values for correlation times in the x range from 0.2 to 200 ns. The basis set was truncated to improve efficiency without significant effects on simulated spectra. The maximum quantum numbers for total angular momentum were L emax ¼ 12 and L omax ¼11; the maximum quantum numbers for the z component of angular momentum in the lab and molecular frames were K max ¼ 8 and M max ¼ 8, respectively; and the nuclear spin transition index was p l ¼ 2.
The same truncation parameters were used to simulate spectra at the X-and W-bands. A Monte Carlo search of initial values for restrictions of spin-label motion and rotational correlation time was used to sample full parameter space (29) . All experimental spectra were double-integrated and normalized and the goodness of fit was quantified via the Pearson x 2 test.
RESULTS
Magnetic tensor values
To analyze EPR spectra quantitatively in terms of spin-label orientation and anisotropic rotational motion, it is necessary to accurately determine the values of [g x , g y , g z ] and [A x , A y , A z ]. These values were determined by fitting W-band EPR spectra of apo IASL-S1, IASL-S1.ADP, and IASL-S1.ADP.V i at T ¼ 80 K (Table 2) , assuming a rigid powder (Approach A). Fig. 1 shows the fit for the apo IASL-S1 sample. The values of g and A tensors for all considered myosin samples were the same, reflecting similar polarity of the environment for the spin label (30) in these states of myosin.
Sensitivity of X-and W-band EPR to S1 tumbling
To determine the sensitivity of X-and W-band EPR spectra to global tumbling of S1, spectra were simulated with NLSL software (25) using g and A tensor values from Table 2 . Isotropic rotational diffusion was assumed, characterized by a single rotational correlation time t c . The dependence of the apparent hyperfine splitting A Z 9 at the X-band (determined from the outer extrema splitting) and at the W-band (determined from the z-component splitting) on t c is shown in Fig. 2 . A Z 9 shows some sensitivity to t c at the X-band even at 167 ns (the longest correlation time expected for global S1 tumbling at 20°C). This value is virtually constant at the W-band for t c $ 68 ns (the shortest correlation time expected for global S1 tumbling). Global S1 tumbling, thus, can be ignored in the analysis of W-band EPR spectra.
IASL-S1: rapid-limit oscillation of the spin label W-band EPR spectra were simulated and fitted to experimental spectra according to the model of rapid-limit oscillation of the spin label (Approach B). X-band simulations also included global tumbling of S1 ((Approach C) and were fitted to the experimental spectra (Fig. 3) . Apparent values of magnetic tensors determined from these fits are shown in Table 3 with the x 2 values for the fits and the angles of oscillation determined from Eq. 2. The spectra of the apo (IASL-S1) and ADP (IASL-S1.ADP) biochemical states were fitted as single-component spectra; addition of a second component did not improve the fit. The spectra of IASL-S1.ADP.V i were fitted as two-component spectra, and addition of third component did not improve the fit.
As shown in Table 3 , the angle of oscillation about the y axis of the spin label remains constant in all considered biochemical states of myosin, and the angle of oscillation about the z axis slightly increases in the IASL-S1.ADP state. The major difference in the spin-label dynamics is in oscillation about the x axis: the angle of oscillation changes from 13°in the apo IASL-S1 state to 64°in the IASL-S1.ADP.V i state. (Fig. 1 ) 
IASL-S1: slow restricted motion of spin label
X-band and W-band EPR spectra of IASL-S1 were simulated and fitted globally with NLSL-SRLS software (27) in the approach of slow local motion of the spin label and global tumbling of S1 (Approach D). Magnetic tensor values (Table  2 ) and the rotational correlation time of global S1 tumbling were kept constant. The rotational correlation time and restrictions of spin-label motion within myosin, Lorentzian broadening, and the angle between the magnetic frame and the diffusion frame of the spin label (b d ) were variable parameters. We found no significant difference in the quality of spectral fit for isotropic and anisotropic S1 tumbling, and so the results provided are for the isotropic tumbling model. Fig. 4 shows fits of simultaneously simulated X-and W-band EPR spectra to experimental spectra, and fit parameters are shown in Table 4 . Fig. 5 shows the probability of the spin-label orientational distribution for each biochemical state of IASL-S1. The spectra of apo IASL-S1 and IASL-S1.ADP were fitted adequately as single-component spectra; addition of an additional spectral component did not improve the fit. In contrast, adequate fits of the IASL-S1.ADP.V i spectra required three component spectra. Fig. 4 shows the different sensitivity of X-and W-band EPR spectra to the addition of spectral components. The second component of the IASL-S1.ADP.V i state (Table 4) is better resolved at the X-band than at the W-band, apparently because of different spectral broadening. In contrast, the third component is resolved better at the W-band because of greater spectral resolution than at the X-band. Addition of a fourth component did not improve the fit quality. The determined mole fractions and x 2 of these fits are shown in Table 4 . In the global two-frequency fit, the correlation coefficients between rotational correlation time and the orientational parameters (c LK in Eq. 3) were 0.51-0.57. The correlation coefficients among x, y, and z components of the rotational correlation time or among orientational (c LK ) parameters were usually higher (0.9-1.0).
DISCUSSION
IASL-S1: models of spin-label motion
For the apo S1 state, both models produce almost the same result for the amplitude of the spin-label motion (at very different rates), apparently because of a high restriction for the spin-label motion. Both models give the angle of spin-label motion as 24°(amplitude of oscillation about the y axis in the rapid-limit oscillation model and half-median angle of the orientational distribution of the spin label in the slow restricted motion model). However, the rates of spin-label motion in the apo S1 state are very model-dependent: t c , 0.09 ns for the model of rapid-limit oscillation and t c ;10 ns for the model of slow restricted motion. The x 2 value for the model of rapidlimit oscillation is ;50% greater than the value for the model of slow restricted motion, and so the model of slow restricted motion clearly is preferred.
EPR spectra of the S1.ADP biochemical state show fewer restrictions for the spin-label motion within myosin. In the model of rapid-limit oscillation, the spin label oscillates with an amplitude of 29°about the x axis, whereas the slow motion model reveals a half-median angle of 43°for the spin-label motion about the x axis, with a correlation time of ;7 ns. The x 2 test shows that the model of slow restricted motion clearly is preferred over the model of rapid-limit oscillation (32.09 3 10 À5 vs. 305.41 3 10 À5 ; Tables 3 and 4 ). This conclusion is clear only with the inclusion of W-band spectra, which provide the extra resolution needed to remove ambiguity.
Both models show that X-and W-band EPR spectra of the S1.ADP.V i state contain multiple components. The model of slow restricted motion yields three components with mole fractions 16%, 78% and 6%, x 2 ¼ 7.17 3 10
À5
; the x 2 test for one or two components is worse. The model of rapid-limit oscillation reveals two spectral components with mole fractions 31% and 69%, x 2 ¼ 34.5 3 10
. In both models, one FIGURE 1 Fit of apo IASL-S1 W-band EPR spectrum, acquired at T ¼ 80 K, to determine g and A magnetic tensor values ( Table 2 ). (Black) experiment; (gray) fit.
FIGURE 2 Dependence of apparent A9 z hyperfine splitting on correlation time of isotropic tumbling, revealed from simulated X-and W-band EPR spectra.
spectral component is similar to the spectrum of the S1.ADP state, corresponding to highly restricted motion, and the additional component(s) reflect(s) increased angular amplitudes of motion (Tables 3 and 4 , Fig. 5 ). The best model (the model of slow restricted motion; Fig. 5, bottom) , shows 78% of the spin label within myosin distributed in two orientations, divided by 90°relative to rotation about the x axis (Fig. 5) , with the other mobile component (6%) having a single distribution. Overall, the model of slow restricted motion produces the best fit, (Table 4) , and so we interpret the experimental data in terms of this model.
IASL-S1: structural states
In the apo S1 biochemical state, multifrequency EPR unambiguously detects a single structural state of myosin in the force-generating domain, which presumably corresponds to the M state detected by fluorescence and EPR (13, 31) . The motion of the spin label is complex; the molecular frame of the spin label is tilted in the diffusion frame (b d ¼ 32°), and all motional parameters (rotational correlation time and restoring potential) are given relative to the diffusion frame. According to our modeling of the structure of Dictyostelium discoideum myosin in the apo S1 state (PDB: 1FMV (32)), the spin label is located between the converter and N-terminal domains of myosin with the relay helix on the side (Fig. 5) . The spin label is squeezed between myosin domains, but not buried under the surface, because g and A tensor values do not reflect changes in polarity for different myosin states. In the apo S1 state, the spin label moves slowly on the nanosecond timescale (t cx,y ¼ t c? ¼ 9.9 ns, t cz ¼ 64 ns), and the motion is very restricted. These slow restricted motions FIGURE 3 Spectral fits for the model of rapid-limit oscillation. (Black) experiment; (gray) fit. Parameters from the best fits are shown in Table 3 . pparent g9 and A9 tensor values are determined from spectral fitting (Fig. 3) ; then the angles of oscillation are determined from Eq. 2. *a, b, and g are the amplitudes (half angles) of oscillation about the x, y, and z axes of the nitroxide.
probably reflect those of the secondary structural elements in close contact with the labeled site.
In the S1.ADP state, a single structural state is also reported, presumably corresponding to the M* state that is detected by fluorescence and EPR (13, 31) . In this conformation of the force-generating domain, the spin label moves slightly faster. Its motion is less restricted relative to the apo S1, and the tilt of the molecular frame of the spin label in the diffusion frame is less in this conformation (Table 4 , Fig. 5 ). The structure of Dictyostelium discoideum myosin with bound ADP (PDB: 1MMA (7)) shows a slightly different position of the converter relative to the N-terminal domain compared to that of apo S1, allowing more space for the spin label to move. This is in qualitatively agreement with EPR data: the motion of the spinlabeled side chain becomes less constrained.
A much more complex structural picture emerges in the S1.ADP.V i complex, which is presumed to correspond to the pre-powerstroke or transition state. The EPR spectrum in this complex shows at least two, and probably three, structural states, although only one structural state is revealed by the crystal structure PDB: 1VOM (9) . One spectral component (16%) is similar to that of IASL-S1.ADP (M*), suggesting that the ADP-bound biochemical state is occupied. However, the Mg-ATPase activity of myosin is inhibited completely under the conditions of the EPR experiment, proving that all myosin is in the S1.ADP.V i biochemical state. There is no significant population in the S1.ADP biochemical state, despite the population of the M* structural state. The structures of Dictyostelium discoideum myosin in ADP and ATP states are very similar (with the FIGURE 4 Spectral fits for the model of slow motion. Apo, ADP, and ADP V i S1; X-and W-band EPR. (Black) experiment; (gray) fit. For S1.ADP.V i , the quality of the fit is illustrated for 1, 2, and 3 spectral components. (12), we assigned the observed S1.ADP-like spectral component as a post-powerstroke (M* (33)) S1.ATP structural state. The two other spectral components (corresponding to higher mobility, with mole fractions 78% and 6%) have different dynamics of the spin label (Table 4) ; there is no tilt of the molecular frame relative to the diffusion frame. These spectral components could be assigned as the S1.ADP.P i (pre-powerstroke M**) state of myosin (13) . The spin-label dynamics is complex, but one conclusion is clear-this well-defined biochemical complex trapped by ADP and vanadate is structurally heterogeneous, allowing occupancy of both the post-powerstroke and pre-powerstroke structural states. According to the structure of the S1.ADP.V i state, the spin label is located between the converter and N-terminal domains, whereas the relay helix is bent in this structural state and is not likely to affect spin-label motion. The two observed distributions of spin-label orientation in the M** structural state (78% and 6%; Fig. 5 ) could reflect a slight difference in relative position of the converter and N-terminal domains: rotation of the spin label about the x axis is allowed in one state (M 1 **, 6%) and stopped in another state (M 2 **, 78%). This slight difference in relative position of domains within one myosin population (M**) could be interpreted in terms of flexibility between myosin domains in the M** state on the microsecond and slower timescale (34) ; it also could be treated as a slow exchange between myosin conformations producing two spectral components.
Spin label with flexible linker as a probe for local structure of a protein
The length and flexibility of a spin label's linker plays a substantial role in determining the EPR spectrum (1). The spectrum typically depends less on peptide backbone motion than on restriction of a spin label's motion by adjacent structural elements of a protein (35) . Careful interpretation of the EPR spectral lineshape in terms of the spin-label orientational distribution is important for a precise distance determination in DEER (36, 37) , to find relative orientation of protein domains (38, 39) and for a rigorous analysis of multicomponent spectra. In our study, we emphasize the role of multifrequency EPR in spectral analysis, which has allowed us to resolve multiple structural states of the force-generating domain of myosin in S1.ADP.V i biochemical state. Future studies should combine rigorous spectral interpretation of multifrequency EPR with molecular dynamics simulations (40) (41) (42) and transient EPR (31) to define the coupling between the dynamics of the force-generating domain and the active site of myosin during the ATPase cycle.
CONCLUSIONS
We have rigorously analyzed spin-label dynamics within myosin to probe the local structure of the force-generation region. Analysis of multifrequency (X-band and W-band) EPR spectra of spin-labeled myosin unambiguously determines both the rates and amplitudes of restricted spin-label FIGURE 5 Orientational distribution of the spin label within myosin in the apo, ADP, and ADP V i biochemical states, based on the model of slow restricted motion. The distribution of z axis of the spin label is color-coded. X axis in spin-label distribution of the S1.ADP.Vi state (M** structural state) is marked to indicate the symmetry about x axis. (Inset) Position of a spin label within apo S1, after Monte Carlo minimization, showing converter domain (blue), N-terminal domain (gray), and relay helix (yellow). The axes of spin label molecular frame are x, y, and z. The colored mesh indicates myosin atoms located at a distance ,0.5 nm relative to the spin label. motion within myosin and resolves multiple conformational states. In apo-and ADP-bound states of myosin S1, spin-label dynamics reflects single structural states, which is consistent with the structures of Dictyostelium discoideum myosin II in these states. However, the S1.ADP.V i biochemical state is resolved into a mixture of three structural states. One state resembles the ADP-bound state (16%), with slow and moderately restricted spin-label motion; two others (78% and 6%) are characterized by fast motion of the spin label distributed symmetrically about its x axis. The presence of the S1.ADPlike structural state in the S1.ADP.V i biochemical state, with completely inhibited Mg 21 -ATPase activity, supports the hypothesis of structural similarity of myosin S1 in ADP-and ATP-bound (postpowerstroke) states (M*). The two other S1.ADP.V i states, which correspond to higher spin-label mobility, could be assigned to the S1.ADP.P i (prepowerstroke) structural state (M**), based on similarity of spin-label dynamics. This interpretation supports the conclusion that the post-and prepowerstroke structural states are in a dynamic equilibrium in solution, even with ADP and vanadate tightly bound to the myosin active site. The two populations of spin label detected in the S1.ADP.P i structural state could be interpreted in terms of domain flexibility within myosin in the S1.ADP.V i biochemical state on a timescale slower than 1 ms. This hypothesis should be tested further by multifrequency EPR of probes at different positions within the myosin forcegenerating region.
